
. *  

. 

X-612-65-79 

EXTENSION OF THE PHOTOSPHERIC MAGNETIC FIELD 

INTO INTERPLANETARY SPACE 

Norman F. N e s s  
Goddard Space Flight Center 

Greenbelt, Maryland 

and 

John hf. I\';' AlCOX 

Space Sciences Laboratory 
University of California 

Berkeley, California 

February 1965 



E x t e n s i o n  of t h e  P h o t o s p h e r i c  Magnet ic  F i e l d  

i n t o  I n t e r p l a n e t a r y  Space 

Norman F ,  N e s s  
NASA-Goddard Space F l i g h t  C e n t e r  

G r e e n b e l t ,  Maryland 

and 

John M. Wilcox 
Space  S c i e n c e s  L a b o r a t o r y  

Un i v e r  s i t y  of C a l i f o r n i a  
B e r k e l e y ,  C a l i f o r n i a  

Abstract:  O b s e r v a t i o n s  of t h e  n e a r b y  i n t e r p l a n e t a r y  magne t i c  

f i e l d  by t h e  magnetometer expe r imen t  on t h e  a r t i f i c i a l  E a r t h  

s a t e l l i t e  IMP-1 have b e e n  compared w i t h  o b s e r v a t i o n s  of t h e  

p h o t o s p h e r i c  magne t i c  f i e l d  o b t a i n e d  w i t h  t h e  s o l a r  magnetograph 

a t  t h e  M t .  Wilson O b s e r v a t o r y .  A good c o r r e l a t i o n  h a s  been 

found be tween t h e  large scale p a t t e r n  of t h e  d i r e c t i o n  ( i n t o  

or o u t  of t h e  sun)  of t h e  p h o t o s p h e r i c  f i e l d  a n d  t h e  p a t t e r n  

of t h e  d i r e c t i o n  (toward or  away f r o m  t h e  sun)  of t h e  n e a r b y  

i n t e r p l a n e t a r y  field., This s u b s t a n t i a t e s  t h e  theoretical model 

of t h e  t r a n s p o r t  of solar magnet ic  f i e l d s  i n t o  i n t e r p l a n e t a r y  

s p a c e  by t h e  magnetohydrodynamic e x p a n s i o n  of t h e  solar c o r o n a .  
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I .  E x t e n s i o n  of t h e  P h o t o s p h e r i c  Magnet ic  F i e l d  

i n t o  I n t e r p l a n e t a r y  Space  

I n t r o d u c t i o n  

Satel l i te  measurements  show t h a t  t h e  solar plasma f l u x  

(solar wind) a lways  has a magnet ic  f i e l d  associated w i t h  i t .  

Near 1 AU t h e  magne t i c  e n e r g y  d e n s i t y  is a b o u t  t w o  orders of 

magni tude  smaller t h a n  the  k i n e t i c  e n e r g y  d e n s i t y  associated 

w i t h  t h e  s t r e a m i n g  motion o f  t h e  p lasma.  P r e s e n t  e x p e r i m e n t a l  

d a t a  are l i m i t e d  b u t  i n d i c a t e  t h a t  t h e  magne t i c  e n e r g y  d e n s i t y  

may be comparable  w i t h  t h e  thermal e n e r g y  d e n s i t y  of t h e  plasma. 

Under t h e s e  c o n d i t i o n s  t h e  m a g n e t i c  f i e l d  l i n e s  are "f rozen"  

i n t o  t h e  plasma and  t r a n s p o r t e d  along w i t h  it. I t  is possible  

t h a t  t h e  p a t t e r n  of  the  p h o t o s p h e r i c  magne t i c  f i e l d  is main- 

t a ined  u p  t o  t h e  he ight  a t  w h i c h  the so la r  w i n d  begins  tc 

form,  and  t h a t  t h e r e a f t e r  t h i s  p a t t e r n  is f r o z e n  i n t o  t h e  solar  

wind a n d  t r a n s p o r t e d  o u t  t o  1 AU where i t  c a n  be examined w i t h  

s a t e l l i t e  magnetometers .  Although d u r i n g  q u i e t  c o n d i t i o n s  

t h e  t r a n s p o r t  of magne t i c  l i n e s  may be r a t h e r  p a s s i v e  a t  large 

d i s t a n c e s  f rom t h e  Sun,  t h i s  would presumably  n o t  be the  case 

close t o  the Sun where t h e  magnet ic  e n e r g y  d e n s i t y  is larger 

t h a n  the p lasma e n e r g y  d e n s i t y  so t h a t  t h e  magne t i c  f i e l d s  

can  i n f l u e n c e  t h e  plasma f l o w ,  e i t h e r  by  d i r e c t l y  e x e r t i n g  

f o r c e s  on t h e  plasma or  by  i n f l u e n c i n g  t h e  c o r o n a l  h e a t i n g  

and  t h u s  t h e  f l u x  of  t h e  solar wind. An extreme a l t e r n a t i v e  

t o  t h e  above c o n s i d e r a t i o n s  would be t h a t  somewhere between t h e  

p h o t o s p h e r e  and  t h e  p o s i t i o n  of  the sa te l l i t e ,  t u r b u l e n c e  and  
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a n d  d i s r u p t i v e  e f f e c t s  would be s u f f i c i e n t  t o  c o m p l e t e l y  

d e s t r o y  t h e  p a t t e r n  of t h e  p h o t o s p h e r i c  m a g n e t i c  f i e l d .  

I n  t h i s  paper  t h e  i n f l u e n c e  of p h o t o s p h e r i c  magne t i c  

f i e l d  r e g i o n s  whose s ize  c o r r e s p o n d s  t o  a f e w  d a y ' s  s o l a r  

r o t a t i o n  is i n v e s t i g a t e d .  F u t u r e  work w i l l  c o n s i d e r  the  

s i t u a t i o n  w i t h  r e g a r d  t o  s o l a r  s t r u c t u r e s  t h a t  are smaller 

i n  t ime a n d  e x t e n t .  
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PHOTOSPHERIC MAGNETIC FIELD 

The o b s e r v a t i o n s  of the  p h o t o s p h e r i c  magne t i c  f i e l d  

made w i t h  t h e  solar magnetograph (Babcock, 1953) a t  t h e  M t .  

Wilson O b s e r v a t o r y  were k i n d l y  made available t o  u s  by  D r .  

R o b e r t  Howard. From the i n d i v i d u a l  solar magnetograms 

o b t a i n e d  each day  (weather permitting) s y n o p t i c  charts are 

p r e p a r e d  (see F i g u r e  1). The CM p o r t i o n  of each d a i l y  solar 

magnetogram is p r e f e r e n t i a l l y  used  i n  p r e p a r i n g  t h e  s y n o p t i c  

chart ,  a l t h o u g h  o c c a s i o n a l l y  r e g i o n s  removed f r o m  CM are 

u s e d  t o  f i l l  i n  for  d a y s  when t h e  d a i l y  magnetograms c a n n o t  

be obtained.  

g a u s s  ( ave raged  o v e r  an  area o n  t h e  sun  of 4 x lo8 k m  ) , a n d  

The magneTograph s a t u r a t e s  a t  a b o u t  70 g a u s s .  Thus t h e  

s y n o p t i c  char ts  d i s p l a y  r e g i o n s  of c o n s i d e r a b l e  s p a t i a l  e x t e n t  

c o n t a i n i n g  r e l a t i v e l y  weak magnet ic  f i e lds .  A comparison of 

s y n o p t i c  charts fo r  t w o  s u c c e s s i v e  solar r o t a t i o n s  shows a 

large degree of s i m i l a r i t y ,  i n d i c a t i n g  t h a t  many of t h e  

f e a t u r e s  have  a l i f e t i m e  t h a t  is  a t  least comparable  w i t h  

t h e  solar r o t a t i o n  p e r i o d .  The large b u t  localized magne t i c  

f i e lds  of s u n s p o t s  do n o t  a p p e a r  on these charts, a n d . d i s c r e t e  

e v e n t s  s u c h  as f lares also are n o t  recorded. 

The lowest c o n t o u r  r e p r e s e n t s  a f i e l d  of 2 
2 

For comparison w i t h  the  s a t e l l i t e  o b s e r v a t i o n s  of t h e  

n e a r b y  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d ,  t h e  s y n o p t i c  charts 

of t h e  p h o t o s p h e r i c  magne t i c  f i e l d  are a n a l y s e d  as follows. 

A s t r i p  of width 10" i n  l a t i t u d e  c e n t e r e d  a b o u t  a g i v e n  

l a t i t u d e  is d i v i d e d  i n t o  segments  w i t h  a l o n g i t u d i n a l  w i d t h  
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c o r r e s p o n d i n g  t o  the so l a r  r o t a t i o n  i n  t w e l v e  h o u r s .  A 

magne t i c  f i e l d  d i r e c t i o n  ( i n t o  o r  Out of t h e  sun )  is 

a s s i g n e d  t o  e a c h  segment  o n l y  i f  a t  l eas t  70 or 80 p e r c e n t  of 

t h e  area w i t h i n  t h e  segment  h a s  a f i e l d  s e n s e  i n  t h i s  

d i r e c t i o n .  I f  a n  area does n o t  f a l l  w i t h i n  any  c o n t o u r  

l e v e l  b u t  is n e v e r t h e l e s s  c l o s e l y  s u r r o u n d e d  by c o n t o u r s  a l l  

o f  t h e  same f i e l d  d i r e c t i o n ,  t h e n  t h e  area is assumed t o  have  

a weak f i e l d  i n  t h i s  d i r e c t i o n .  The r e l a t i v e l y  weak so la r  

magne t i c  f i e l d s  e x i s t i n g  d u r i n g  t h i s  t i m e  of minimum a c t i v i t y  

make t h i s  p r o c e d u r e  n e c e s s a r y .  Thus t h e  p h o t o s p h e r i c  f i e l d  

d i r e c t i o n  a t  a g iven  l a t i t u d e  is d e s c r i b e d  by  a series i n  

which t ime is  d i v i d e d  i n t o  twe lve  hour  i n t e r v a l s  and  e a c h  

i n t e r v a l  is l a b e l e d  e i t h e r  +1 ( f i e l d  p r e d o m i n a n t l y  d i r ec t ed  out 

o f  t h e  s u n ) ,  -1 ( f i e l d  p r e d o m i n a n t l y  d i rec ted  i n t o  t h e  s u n ) ,  

or 0 ( f i e l d  d i r e c t i o n  ambiguous or n o  o b s e r v a t i o n s  a v a i l a b l e ) .  

The re  are g a p s  i n  t h e  p h o t o s p h e r i c  data  f o r  a b o u t  25 d a y s  

c a u s e d  by wea the r  c o n d i t i o n s  a t  M t .  Wi lson .  T h i s  p r o c e s s  is 

r e p e a t e d  a t  5 i n t e r v a l s  i n  l a t i t u d e  f r o m  2 5 O N  t o  25OS of 

t h e  c e n t e r  of t h e  v i s i b l e  d i s k .  The c o o r d i n a t e  sys t em is 

c e n t e r e d  i n  l a t i t u d e  a b o u t  t h e  c e n t e r  of t h e  v i s i b l e  d i s k  

r a t h e r  than  a b o u t  t h e  solar  e q u a t o r  because  t h e  d i s k  c e n t e r  

would be t h e  s o u r c e  o f  t h e  solar wind t h a t  f l o w s  p a s t  t h e  

E a r t h  i f  t h e  so la r  w i n d  v e l o c i t y  w e r e  e n t i r e l y  r a d i a l .  

0 
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NEARBY INTERPLANETARY MAGNETIC FIELD 

The s a t e l l i t e  IMP-1 ( I n t e r p l a n e t a r y  M o n i t o r i n g  Platform) 

w a s  l a u n c h e d  on Nov. 27 ,  1963 and  p r o v i d e d  a c c u r a t e  

measurzzients (Ness, Scearce a n a  Seek, 1964; N e s s  a n d  Wilcox, 

1964) of t h e  r e l a t i v e l y  u n d i s t u r b e d  i n t e r p l a n e t a r y  f i e l d  u n t i l  

the  m i d d l e  of F e b r u a r y  1964.  The h i g h l y  e c c e n t r i c  o r b i t  h a s  

a n  apogee of 31,7 E a r t h  r a d i i  and  a p e r i o d  of  93.5 h o u r s .  

The Sun-Earth-apogee a n g l e  w a s  i n i t i a l l y  2 5 O  w e s t  of t h e  Sun 

a n d  i n c r e a s e d  a p p r o x i m a t e l y  l o p e r  d a y  because  o f  t h e  E a r t h ' s  

mot ion  a b o u t  t h e  s u n ,  as shown i n  F i g u r e  2 .  The i n t e r a c t i o n  

UT  ne soiar wind w i t h  t h e  geomagnet ic  f i e l d  d i s t u r b s  the 

i n t e r p l a n e t a r y  medium i n  t h e  immediate v i c i n i t y  of the  e a r t h  

a n d  s p a t i a l l y  c o n i i n e s  t h e  E a r t h ' s  f i e l d .  Measurements of 

the r e l a t i v e l y  u n d i s t u r b e d  i n t e r p l a n e t a r y  medium by IMP-1 

w e r e  r es t r ic ted  t o  t i m e s  c e n t e r e d  a b o u t  apogee when t h e  

s a t e l l i t e  w a s  o u t s i d e  of t h e  i n t e r a c t i o n  r e g i o n .  Dur ing  e a c h  

of t h e  e a r l y  o rb i t s  i n t e r p l a n e t a r y  medium measurements  c o u l d  

be o b t a i n e d  for a b o u t  three days.  T h i s  i n t e r v a l  g r a d u a l l y  

decreased (see F i g u r e  2) u n t i l  i n  t h e  middle  of F e b r u a r y  IMP-1 

w a s  e n t i r e l y  w i t h i n  t h e  i n t e r a c t i o n  r e g i o n .  

The t w o  f l u x g a t e  magnetometers  on IMP-1 g a v e  a measurement 

of t h e  v e c t o r  magne t i c  f i e l d  once e v e r y  20 .48  s e c o n d s .  The 

average magni tude  of t h e  f i e l d  w a s  5 . 0 ~  (1 y = 10-5 gauss )  

w i t h  a n  u n c e r t a i n t y  of 1 / 4 y  . D e t a i l s  a b o u t  t h e  magnetometers  

~ 

I 

I 

I 

I 

I 
i I 

I 

i 
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and  t e l e m e t r y  sequence  are g i v e n  i n  N e s s ,  Scearce and  Seek 

(1964) .  The o b s e r v a t i o n s  are c o n s i s t e n t  w i t h  Parker 's  

(1958) model of an  i n t e r p l a n e t a r y  f i e l d  of so la r  o r i g i n  i n  

which t h e  e f f e c t s  of  a r a d i a l  so l a r  wind v e l o c i t y ,  t h e  

h i g h l y  i o n i z e d  so l a r  p l a sma ,  a n d  t h e  so la r  r o t a t i o n  c o m b i n e  

t o  produce magne t i c  l i n e s  of force  t w i s t e d  i n  t h e  p l a n e  of 

t h e  e c l i p t i c  i n  t h e  form o f  an Archimedes s p i r a l .  F i g u r e  3 

shows t h e  t h e o r e t i c a l  i n t e r p l a n e t a r y  magne t i c  f i e l d  

s t r e a m i n g  a n g l e  as  a f u n c t i o n  o f  t h e  solar  wind v e l o c i t y  

t h a t  is p r e d i c t e d  by t h i s  model. F i g u r e  4 shows t h e  measured 

d i s t r i b u t i o n  o f  t h e  i n t e r p l a n e t a r y  f i e l d  d i r e c t i o n .  The 

i n i t i a l  twenty  second  measurements  are combined i n t o  5 . 4 6  

minute  a v e r a g e s ,  and  t h e  number of  s u c h  measurements  p e r  

u n i t  s o l i d  angle is shown f o r  t h e  f i e l d  component i n  t h e  

e c l i p t i c  p l a n e  and  f o r  t h e  component normal  t o  t h e  e c l i p t i c  

p l a n e .  An i s o t r o p i c  d i s t r i b u t i o n  o f  t h e  same number o f  v e c t o r s  

would produce t h e  dashed  c i r c l e s  shown i n  F i g u r e  4.  The 

o b s e r v e d  f i e l d  component i n  t h e  e c l i p t i c  p l a n e  is s e e n  t o  be 

p r e f e r e n t i a l l y  i n  t h e  d i r e c t i o n s  pred ic ted  by Parker ' s  model. 

From i n s p e c t i o n  o f  t h e  d i s t r i b u t i o n  o f  t h e  d i r e c t i o n  o f  t h e  

f i e l d  component normal t o  t h e  e c l i p t i c  p l a n e  one  can  see t h a t  

t h e  v e c t o r  f i e l d  is p r e d o m i n a n t l y  p a r a l l e l  ( r a t h e r  t h a n  

p e r p e n d i c u l a r )  t o  t h e  e c l i p t i c  p l a n e .  A few remarks  on t h i s  

component are i n c l u d e d  a t  t h e  end  o f  t h i s  n o t e .  

For comparison w i t h  t h e  so l a r  magnetograph o b s e r v a t i o n s  

of  t h e  p h o t o s p h e r i c  magne t i c  f i e l d  t h e  s a t e l l i t e  measurements  
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are a n a l y s e d  i n  a s i m i l a r  f a s h i o n .  The d i r e c t i o n  a n g l e  i n  

t he  e c l i p t i c  p l a n e  is d i v i d e d  i n t o  20° sectors. 

h o u r  i n t e r v a l  of t i m e  is a s s i g n e d  t o  the sector which 

c o n t a i n s  the largest number of the 5.46 minu te  average 

d i r e c t i o n s  w i t h i n  tha t  i n t e r v a l .  A s  shown i n  F i g u r e  4, the  

sectors f r o m  90° t o  230° E a s t  of the  Earth-Sun d i r e c t i o n  

are assumed t o  r e p r e s e n t  a magnet ic  f i e l d  directed p r e d o m i n a n t l y  

away f r o m  t h e  Sun ( a l o n g  the s p i r a l  s t r e a m i n g  a n g l e )  and  are 

labeled + l .  

the  Earth-Sun d i r e c t i o n  are assumed t o  r e p r e s e n t  a f i e l d  

directed p r e d o m i n a n t l y  toward t h e  Sun and  are labeled -1. 

The shaded sectors are omitted f r o m  t h i s  a n a l y s i s .  Four  3 

h o u r  i n t e r v a l s  are combined i n t o  a 1 2  hour  i n t e r v a l  which 

is labeled +1 or -1 o n l y  i f  a t  least  three of t h e  3 hour  

i n t e r v a l s  have  the s a m e  s i g n .  Thus a t i m e  series is c o n s t r u c t e d  

on a 12 hour  i n t e r v a l  which r e p r e s e n t s  t he  large scale 

d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  f i e l d  i n  t h e  s e n s e  of b e i n g  

either toward or sway f r o m  t h e  Sun. 

Each three 

S i m i l a r l y  t h e  s e c t o r s  f r o m  270° t o  50° E a s t  of 

A solar s o u r c e  for  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  

s h o u l d  p roduce  a r e c u r r e n c e  t endency  i n  the satel l i te  obser- 

v a t i o n s  c o r r e s p o n d i n g  t o  o n e  solar r o t a t i o n  p e r i o d .  An 

a u t o c o r r e l a t i o n '  of the 1 2  h o u r  IMP t i m e  series d i s p l a y s  a 

p rominen t  peak a t  a lag  of a b o u t  2 7  d a y s  w i t h  an  a m p l i t u d e  

of 0.55 + - 0.5.  I t  w a s  o b s e r v e d  t h a t  the  data of the  first 

eight d a y s  ( i n c l u d i n g  the  magnet ic  s t o r m  of December  2) 
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produced most of t h e  e x c e p t i o n s  t o  t h e  r e c u r r e n c e  t e n d e n c y ,  

a n d  t h a t  i f  t h i s  d a t a  were omitted the 27 day  peak ampl i -  

t u d e  i n c r e a s e d  t o  0.85 + - 0.10, as  shown i n  F i g u r e  5 .  There-  

fo re  t h e  d a t a  of  t h e  f i r s t  e i g h t  d a y s  are omi t ted  from t h e  

f u r t h e r  a n a l y s i s  i n  order t o  s t u d y  a t i m e  i n  which t h e  

r e c u r r e n c e  t endency  is v e r y  p rominen t .  
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COWARISON OF THE PHOTOSPHERIC FIELD 

AND THE INTERPLANETARY FIELD 

A c r o s s - c o r r e l a t i o n  between t h e  I M P - 1  t w e l v e  hour  

time series and t h e  t w e l v e  hour  series r e p r e s e n t i n g  t h e  

p h o t o s p h e r i c  f i e l d  a t  a g i v e n  l a t i t u d e  is t h e n  computed. 

The r e s u l t s  f o r  solar l a t i t u d e s  f r o m  25ON to 25OS of t h e  

cen te r  of t h e  v i s i b l e  d i sk  are shown i n  F i g u r e s  6-11. The 

abscissa is t h e  time lag  f r o m  CM p a s s a g e  of t h e  p h o t o s p h e r i c  

f i e l d  area t o  t h e  t i m e  t h e  f i e l d  w a s  measured by IMP-1. The 

p rominen t  p o s i t i v e  peak  a t  a l a g  of a p p r o x i m a t e l y  4 1/2 

d a y s  is common to  a l l  of t h e  l a t i t u d e s  examined.  A peak  

i n  t h e  correlation a t  a lag of 4 1/2  + c 1/2 d a y s  would c o r r e s p o n d  

t o  an  a v e r a g e  radial  so la r  wind v e l o c i t y  of 385 f 45 km/sec. 

The a v e r a g e  r a d i a l  s o l a r  w i n d  v e l o c i t y  f rom Nov. 2 7 ,  1963 t o  

Feb. 11, 1964 measured by t h e  MIT plasma dec tec to r -  e x p e r i m e n t  

on IMP-1 (Bridge, E g i d i ,  L a z a r u s ,  Lyon and  J a c o b s o n ,  1964) 

w a s  319 km/sec. The s i g n i f i c a n c e  o f  t h i s  d i f f e r e n c e  is n o t  

y e t  clear. If it persists i n  f u t u r e  o b s e r v a t i o n s  i t  may h e l p  

t o  d e t e r m i n e  t h e  c o n d i t i o n s  i n  t h e  r e g i o n  w i t h i n  a f e w  solar 

rad i i  of t h e  Sun XR which t h e  magnet ic  e n e r g y  d e n s i t y  is 

greater t h a n  t h e  plasma e n e r g y  d e n s i t y .  I t  may s u g g e s t  

t h a t  t h e  magne t i c  l ines i n  t h i s  r e g i o n  are p r e f e r e n t i a l l y  

t i p p e d  f o r w a r d  i n  t h e  s e n s e  of t h e  solar r o t a t i o n .  
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I n s p e c t i o n  o f  F i g u r e  1 shows t h a t  t h e  p a t t e r n  o f  t h e  

p h o t o s p h e r i c  magne t i c  f i e l d  a t  t h i s  t i m e  is dominated by 

r e g i o n s  of a s i n g l e  p o l a r i t y  ( i n t o  or o u t  of t h e  Sun) w i t h  

a n  e x t e n t  i n  b o t h  l a t i t u d e  a n d  l o n g i t u d e  c o v e r i n g  a n  

a p p r e c i a b l e  f r a c t i o n  of  t h e  so la r  d i s k .  Note t h a t  a r e g i o n  

o f t e n  e x t e n d s  on bo th  s ides  of t h e  so l a r  e q u a t o r .  Because  

of t h e  predominance of  t h e s e  large r e g i o n s  i t  is r e a s o n a b l e  

t h a t  t h e  c r o s s - c o r r e l a t i o n  c u r v e s  shown i n  F i g u r e s  6-11 s h o u l d  

d i s p l a y  s imi la r  peak  c o r r e l a t i o n s .  T h i s  l i m i t s  t h e  p r e c i s i o n  

w i t h  which t h e  l a t i t u d e  o r  l a t i t u d e s  of  t h e  so la r  s o u r c e  

o f  t h e  i n t e r p l a n e t a r y  f i e l d  c a n  be d e t e r m i n e d  b y  t h i s  method. 

T h e r e f o r e  t h e  d i f f e r e n t i a l  r o t a t i o n  o f  t h e  p h o t o s p h e r i c  

magne t i c  f i e l d  w a s  i n v e s t i g a t e d .  The r e c u r r e n c e  p e r i o d  o f  

t h e  nea rby  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  ( F i g u r e  5) s h o u l d  

be t h e  same a s  t h e  a v e r a g e  r o t a t i o n  p e r i o d  of t h e  l a t i t u d e s  

o f  t h e  s o l a r  s o u r c e s .  An a u t o c o r r e l a t i o n  of  t h e  t w e l v e  hour  

p h o t o s p h e r i c  f i e l d  data d e s c r i b e d  above is computed f o r  e a c h  

l a t i t u d e .  The r e s u l t s  f o r  t h e  c e n t e r  of  t h e  v i s i b l e  d i s k  

and  f o r  25ON t h e r e o f  a re  d i s p l a y e d  i n  F i g u r e  1 2 .  

p e r i o d  of t h e  p h o t o s p h e r i c  f i e l d  as  a f u n c t i o n  of  l a t i t u d e  

as  de te rmined  i n  t h i s  manner' is shown i n  F i g u r e  13. 

s o l i d  l i n e  is from t h e  o b s e r v a t i o n s  o f  l o n g - l i v e d  s u n s p o t s  by 

Newton a n d  Nunn (1951) .  The u n c e r t a i n t i e s  are e s t i m a t e d  by 

d i v i d i n g  t h e  d a t a  sample i n t o  t h r e e  p a r t s  a n d  p e r f o r m i n g  t h e  

a u t o c o r r e l a t i o n  o n  e a c h  p a r t .  D a t a  f o r  a p p r o x i m a t e l y  t h r e e  

The r o t a t i o n  

The 
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solar r o t a t i o n s  is a v a i l a b l e ;  t h e  first r o t a t i o n  is 

correlated w i t h  t h e  second  a n d  wi th  t h e  t h i r d ,  and  t h e  

s e c o n d  r o t a t i o n  is c o r r e l a t e d  wi th  t h e  t h i r d .  

The large arrow a t  t h e  l e f t  of F i g u r e  13 i n d i c a t e s  

t h e  r e c u r r e n c e  p e r i o d  of t h e  IMP-1 magnet ic  f i e l d  as  

computed f r o m  t h e  a u t o c o r r e l a t i o n  shown i n  F i g u r e  5. The 

u n c e r t a i n t i e s  i n d i c a t e d  by t h e  small arrows are computed 

i n  t h e  manner d e s c r i b e d  above.  The comparison i n  F i g u r e  

13 of t h e  i n t e r p l a n e t a r y  f i e l d  r e c u r r e n c e  p e r i o d  w i t h  t h e  

d i f f e r e n t i a ?  - e r i c  f i e l d  s u g g e s t  
-m 

t h a t  t h e  l a t i t u d e  of t h e  p h o t o s p h e r i c  s o u r c e  of t h e  i n t e r -  

p l a n e t a r y  f i e l d  w a s  w i t h i n  10 or 15 degrees of t h e  c e n t e r  of 

t h e  v i s i b l e  d i s k  (or of t h e  e q u a t o r ;  t h e  p r e s e n t  a n a l y s i s  

c a n n o t  make a d i s t i n c t i o n  b e t w e e n  t h e  two).  

These  r e s u l t s  i n d i c a t e  t h a t  d u r i n g  t h r e e  solar r o t a t i o n s  

n e a r  t h e  minimum of t h e  solar c y c l e ,  s o m e  o f  t h e  m a g n e t i c  

f i e l d  l i n e s  p a s s i n g  t h r o u g h  the p h o t o s p h e r e  n e a r  t h e  center 

of t h e  v i s i b l e  d i s k  t e n d e d  t o  be t r a n s p o r t e d  o u t  by t h e  solar  

wind plasma t o  become p a r t  of t h e  n e a r b y  i n t e r p l a n e t a r y  magne t i c  

f i e l d .  The best c o r r e l a t i o n  w a s  o b t a i n e d  when t h e  p h o t o s p h e r i c  

f i e l d  w a s  i n  t h e  s a m e  d i r e c t i o n  t h r o u g h o u t  a n  area c o r r e s p o n d i n g  

t o  a t  least  t w o  or t h r e e  d a y s  r o t a t i o n .  These c o n c l u s i o n s  are 

c o n s i s t e n t  w i t h  t h e  model s u g g e s t e d  by Ah luwa l i a  and  D z s s l e r  

(1962) i n  which t h e  s e n s e  of t h e  i n t e r p l a n e t a r y  inagnet ic  f i e l d  

sectors is related to  t h e  s e n s e  of p h o t o s p h e r i c  magne t i c  f i e l d  

r e g i o n s .  



- 12 - 

INTERPLANETARY WGNETIC FIELD COb4PBNENT 

PERPENDICULAR TO THE ECLIPTIC 

A f e w  p r e l i m i n a r y  r emarks  are a d d r e s s e d  t o  t h e  q u e s t i o n  

c?f t h e  c a u s e  of t h e  n e t  southward  component of t h e  n e a r b y  

i n t e r p l a n e t a r y  magne t i c  f i e l d  shown i n  t h e  r i g h t  hand side 

of F i g u r e  4. The measured f i e l d  had  a sou thward  component 

d u r i n g  2/3 of t h e  t h r e e  hour  i n t e r v a l s  of t h e  IMP-1 obser- 

v a t i o n s ,  and  t h e  average component p e r p e n d i c u l a r  t o  t h e  

e c l i p t i c  d u r i n g  t h i s  t i m e  w a s  abou t  0 .5-1 .0~  i n  the  

sou thward  d i r e c t i o n .  P h o t o s p h e r i c  magne t i c  p o l a r i t i e s  a t  

thc ti== c? these E - 1  nb5erva+ions are s c h e m a t i c a l l y  

i n d i c a t e d  i n  F i g u r e  1 4 .  The b i p o l a r  m a g n e t i c  reg ions  BMR 

i n  each hemisphere  have t h e  indicated p o l a r i t i e s .  The f o l l o w i n g  

p o r t i o n s  d r i f t  s l o w l y  poleward  a n d  produce  t h e  p o l a r  magne t i c  

f i e l d s  w h i l e  t h e  p r e c e d i n g  p o r t i o n s  d r i f t  t owards  t h e  e q u a t o r  

and  t e n d  t o  merge (Babcock, 1961) .  The m a g n e t i c  l i n e s  

c o n n e c t i n g  t h e  t w o  p o r t i o n s  of a BMR have  a nor thward  component 

i n  b o t h  h e m i s p h e r e s ,  as shown i n  F i g u r e  14. However magne t i c  

l i n e s  f r o m  a p r e c e d i n g  p o r t i o n  of a F3BI.R i n  t h e  n o r t h e r n  hemis- 

p h e r e  c o n n e c t i n g  t o  a p r e c e d i n g  p o r t i o n  of a BMR i n  t h e  

s o u t h e r n  hemisphe re  would have  t h e  r e q u i r e d  southward  

component.  T h i s  f e a t u r e  of t h e  p h o t o s p h e r i c  f i e l d  s t r u c t u r e  

-_ 

c o u l d  pwssf'uiy be reiaieJ to the s o ~ t h t a r d  compc~ent of the 

i n t e r p l a n e t a r y  f g e l d .  U n i p o l a r  m a g n e t i c  r e g i o n s  (UMR) u s u a l l y  
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f o r m  from t h e  f o l l o w i n g  p o r t i o n s  of BMRs and  t h u s  have  

t h e  p o l a r i t i e s  i n d i c a t e d  i n  F i g u r e  14 .  Magnet ic  l i n e s  

from the  l o w  l a t i t u d e  s i d e  of a UMR i n  e i t h e r  hemisphere  

would hitve a nor thward  component.  F i n a l l y  t h e  n o r t h e r n  

p o l a r  r e g i o n  h a s  a n e t  f i e l d  d i r e c t e d  i n t o  t h e  Sun w h i l e  

t h e  n e t  f i e l d  i n  t h e  s o u t h e r n  p o l a r  r e g i o n  is n e a r l y  zero 

(Howard, 1963) .  Magnet ic  l i n e s  a p p r o a c h i n g  t h e  n o r t h e r n  

p o l a r  r e g i o n  would a l so  have  a no r thward  component.  F u t u r e  

o b s e r v a t i o n s  w i t h  t h e  so la r  magnetograph o f  t h e  t r a n s v e r s e  

component of t h e  p h o t o s p h e r i c  magne t i c  f i e l d  may h e l p  t o  

r e s o l v e  t h i s  q u e s t i o n .  
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FOOTNOTES 

1. I n  computing the  "cor re la t ions"  described i n  t h i s  n o t e  

a weight of +1 was assigned t o  a f i e l d  d i r e c t e d  ou t  of 

or away f r o m  the Sun, and v i c e  versa  for -1. Each 

indiv idua l  set of data d i d  n o t  add up exac t ly  t o  zero. 

If t h e  data sample w e r e  enough t h a t  each set  of d a t a  

would sum t o  zero t h e n  t h i s  computation would y i e l d  a 

formal c o r r e l a t i o n .  The e r r o r  is es t imated  by d iv id ing  

the  data sample i n t o  th ree  p a r t s  and r epea t ing  t h e  

computation un each por t ion .  

2.  The d i f f e r e n t i a l  r o t a t i o n  of the photospheric magnetic 

f i e l d  observed over s eve ra l  y e a r s  w i l l  be repor ted  i n  

a f u t u r e  publ ica t ion .  
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FIGURE CAPTIONS 

S y n o p t i c  c h a r t  of t h e  p h o t o s p h e r i c  magne t i c  f i e ld .  

S o l i d  c o n t o u r s  r e p r e s e n t  a f i e l d  d i r e c t e d  o u t  of t h e  

Sun and  dashed  c o n t o u r s  r e p r e s e n t  a f i e l d  directed 

i n t o  t h e  Sun. Contour  l e v e l s  are 2 ,  4 ,  8 ,  1 2  a n d  25  

g a u s s .  

R e l a t i o n  of IMP-1 o r b i t  t rajectories t o  t h e  shock  

wave and  magnetopause.  

r e l a t i v e l y  u n d i s t u r b e d  

p o s s i b l e  o n l y  when t h e  

shock  wave. 

Measurements of t h e  

i n t e r p l a n e t a r y  medium are 

sa t e l l i t e  is o u t s i d e  of t h e  

T h e o r e t i c a l  i n t e r p l a n e t a r y  magne t i c  f i e l d  s t r e a m i n g  

Measured d i s t r i b u t i o n  of i n t e r p l a n e t a r y  f i e l d  

d i r e c t i o n s .  

A u t o c o r r e l a t i o n  of t h e  measured i n t e r p l a n e t a r y  f i e l d  

d i r e c t i o n s .  D a t a  f o r  t h e  first 8 d a y s  are o m i t t e d .  

Cross c o r r e l a t i o n  of n e a r b y  i n t e r p l a n e t a r y  magne t i c  

f i e l d  d i r e c t i o n  a n d  p h o t o s p h e r i c  magne t i c  f i e l d  

d i r e c t i o n  for solar  l a t i t u d e s  2 5 O N  and  20°N of the 

c e n t e r  of t h e  v i s i b l e  d i sk .  

Same as F i g u r e  6 for l a t i t u d e s  1 5 O N  and  1 0 ° N .  

Same as F i g u r e  6 for l a t i t u d e s  5 N and  t h e  C e n t e r  o f  
0 

t h e  v i s i b l e  d i s k .  

Same a s  F i g u r e  6 for l a t i t u d e s  5OS a n d  10°S. 
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F i g u r e  10.  

F i g u r e  11. 

F i g u r e  12.  

F i g u r e  13. 

F i g u r e  14. 

Same as F i g u r e  6 f o r  l a t i t u d e s  15OS and  2OoS. 

Same as  F i g u r e  6 f o r  l a t i t u d e  25OS. 

A u t o c o r r e l a t i o n  Of t h e  p h o t o s p h e r i c  magne t i c  f i e l d  

d i r e c t i o n  f o r  l a t i t u d e s  a t  t h e  c e n t e r  o f  t h e  

v i s i b l e  d i s k  a n d  25ON t h e r e o f .  The i n c r e a s e  i n  

p e r i o d  c a u s e d  by d i f f e r e n t i a l  r o t a t i o n  is q u i t e  

a p p a r e n t .  

R o t a t i o n  p e r i o d  of t h e  p h o t o s p h e r i c  magne t i c  

f i e l d  a s  a f u n c t i o n  of l a t i t u d e ,  a s  d e t e r m i n e d  

from a u t o c o r r e l a t i o n  a n a J y s i s  as  shown i n  F i g u r e  

1 2 .  The s o l i d  l i n e  is t h e  r o t a t i o n  p e r i o d  

d e t e r m i n e d  by  Newton and  Nunn from a n a l y s i s  o f  

l o n g - l i v e d  s u n s p o t s .  The a r r o w s  a t  l e f t  i n d i c a t e  

t h e  r e c u r r e n c e  p e r i o d  o f  n e a r b y  i n t e r p l a n e t a r y  

f i e l d  and  t h e  u n c e r t a i n t y  t h e r e o f  

Schemat i c  diagram of  some p h o t o s p h e r i c  magne t i c  

f i e l d  p o l a r i t i e s  a t  t h e  t i m e  o f  t h e s e  o b s e r v a t i o n s .  

BMR is b i p o l a r  magne t i c  region a n d  UMR is u n i p o l a r  

magne t i c  r e g i o n .  A p l u s  s i g n  i n d i c a t e s  a f i e l d  

directed o u t  of t h e  Sun and  a minus s i g n  i n d i c a t e s  a 

f i e l d  d i r e c t e d  i n t o  t h e  Sun. D i r e c t i o n s  of p o s s i b l e  

magne t i c  l i n e s  c o n n e c t i n g  v a r i o u s  r e g i o n s  are 

i n d i c a t e d  by t h e  heavy arrows. 
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